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Three-dimensional (3D) bioprinting of cell-laden biomaterials is used to
fabricate constructs that can mimic the structure of native tissues. The main
techniques used for 3D bioprinting include microextrusion, inkjet, and laser-
assisted bioprinting. Bioinks used for bone bioprinting include hydrogels
loaded with bioactive ceramics, cells, and growth factors. In this review, a
critical overview of the recent literature on various types of bioinks used for
bone bioprinting is presented. Major challenges, such as the vascularity,
clinically relevant size, and mechanical properties of 3D printed structures, that
need to be addressed to successfully use the technology in clinical settings, are
discussed. Emerging approaches to solve these problems are reviewed, and
future strategies to design customized 3D printed structures are proposed.

1. Introduction

Bone defects resulting from congenital abnormalities, trauma,
disease, or surgical resection require reconstruction by using
customized grafts to restore structure and function. The cur-
rent standard of using autografts and allografts, suffers from
multiple problems, including limited supply, risk of com-
plications, immune reactions and the transmission of infec-
tious agents. Synthetic biomaterials have been developed as

Khademhosseini*

alternatives; however, they often lack
native tissue-mimicking structure, which
may cause them to fail to properly inte-
grate in the recipient sites. Thus, new
bone engineering strategies such as three-
dimensional (3D) bioprinting may help
to produce constructs that can closely
represent anatomic features of the native
bone,['°l and improve implant outcome

Bone is a complex heterogeneous
tissue with distinctive structural and
mechanical properties and it has hier-
archical organizational levels.’l Bone is
also a dynamic structure that undergoes
continuous remodeling in response to
various demands. Bone is connected to
blood vessels in the periosteum by transverse channels, which
make bone a highly ordered and vascularized tissue. Bone
healing involves mesenchymal stem cell (MSC) migration and,
then bone formation.”! During regeneration, biomolecules are
released from the extracellular matrix (ECM), and ECM remod-
eling is coordinated until complete bone healing is achieved.®!
These details of structure and function should be carefully con-
sidered when a 3D-bioprinted bone-biomimetic constructs is
developed.”!
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Recently, 3D printing technology has been used to pro-
duce 3D scaffolds that can be seeded with cells.l'%M] Three-
dimensional bioprinting has advanced bone tissue fabrication
further by loading cells and bioactive cues directly into the
bioink to produce constructs that have controlled patterns and
biomimetic structure.[*!213] Bioprinting has the potential to
enable the development of custom-made constructs for per-
sonalized treatment.'*] In addition, it has many other advan-
tages that include a) eliminating the need for cell seeding of
scaffolds and inhomogeneous cell distribution,[™® b) precise
control over the porosity, pore size, and pore interconnectivity
in the construct,!'® and c) accurate deposition of biomaterials
and cells in predetermined architectures that include fea-
tures such as a vascular network to improve construct-tissue
integration.

Three-dimensional bioprinting makes it also possible to pro-
duce constructs intraoperatively.'”! This is especially important
in cases where the defect size and shape cannot be determined
preoperatively, such as may occur following debridement of
injured joints.'® The procedure can also be useful in the recon-
struction of complex craniomaxillofacial (CMF) defects,*) where
imaging-based Dbioprinting [employing magnetic resonance
imaging (MRI) or computed tomography (CT)] can be used to
construct grafts that can fit precisely into CMF bone defects.

Recent interest in developing customized biomimetic scaf-
folds for regenerative therapeutics stimulated research for
the production of complex cell-laden 4D constructs using
bioresponsive materials. To this end, Ionov has reviewed
recent advances in developing materials and methods used
for 4D biofabrication of a variety of tissues, such as in situ
blood vessel formation.?” In a prospective review, Placone
and Engler have discussed the recent advances in extru-
sion-based 3D printing and bioprinting discussing the use
of single- and multimaterial based extrusion, which can
be useful for the engineering of tissue interfaces.l?!l More-
over, current 3D bioprinting methods have been thoroughly
reviewed and the limitations of biomaterials in terms of
printability, material materials compatibility, and cell viability
have been discussed in a recent paper??l by Lee and Yeong
who have also discussed the pivotal bioprinting design fac-
tors, including material heterogeneity, shape and resolution,
and cellular-material remodeling dynamism in direct bio-
printing, in-process crosslinking, postprocess crosslinking,
indirect bioprinting, and hybrid bioprinting. Furthermore, in
a review by Chawla et al. the use of silk fibroin as bioink was
discussed covering both silkworm and spider silk, their uses
in 3D printing and cell interactions including the modula-
tion of cell signaling.?3l These reviews expand our knowledge
about the 3D printing and bioprinting and will help expand
their applications.

The present review is focused on bone 3D bioprinting and
compliments these reviews, in an important niche and rapidly
advancing area. This paper discusses critically the state-of-the-
art in 3D bioprinting technologies, with a focus on bone recon-
struction, and it integrates knowledge gained from in vitro
and in vivo studies combined with clinical insight. We have
also evaluated various bioprinting methods, commonly used
bioinks, bioactive additives such as osteoconductive and oste-
oinductive elements used specifically for 3D printing of bone

Adv. Healthcare Mater. 2019, 8, 1801048

1801048 (2 of 24)

www.advhealthmat.de

Nureddin Ashammakhi is
focusing on translational
tissue regenerative therapy.
Currently, he is working
on 3D bioprinting and
organ-on-a-chip models
for regenerative and
personalized medicine. He is
an expert in bioabsorbable,
nanofibrous, and drug
release implants. He was

& previously a professor
of biomaterials technology in Tampere University of
Technology, Finland, Chair of regenerative medicine, Keele
University, UK and Adjunct Professor in Oulu University,
Finland before he joined UCLA as a visiting professor,
and now as Associate Director of the Center for Minimally
Invasive Therapeutics.

Anwarul Hasan is the
Director of the Nano
Microscale Technologies and
Tissue Engineering Lab, and
an Assistant Professor in the
Department of Mechanical
and Industrial Engineering
and Biomedical Research
Center at Qatar University.
Earlier he was a Visiting
Assistant Professor at
Harvard Medical School, and
Massachusetts Institute of Technology (MIT), USA and an
Assistant Professor at the American University of Beirut in
Lebanon from 2014 to 2017.

Ali Khademhosseini is

the Levi Knight Professor
of Bioengineering,
Chemical Engineering and
Radiology at UCLA. He is
the Founding Director of
the Center for Minimally
Invasive Therapeutics at
UCLA. Previously, he was
a Professor of Medicine at
Harvard Medical School.
He is recognized as a leader
in combining micro- and nanoengineering approaches
with advanced biomaterials for regenerative medicine
applications.

tissue. The current challenges and potential solutions in the
field of bone bioprinting are discussed. Future prospects of
bone 3D bioprinting are analyzed, and emerging translational
technologies are outlined.
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Figure 1. Reconstruction of a human mandible graft. i) 3D CAD model obtained from CT image data. ii) Construction of the bone defect 3D architecture
using CAM software: green, blue, and red lines represent the paths used to dispense various inks (PCL, Pluronic F-127, and cell-laden hydrogel,
respectively). iii) 3D printing: enlarged view shows the patterning of a construct layer. iv) Image of a 3D printed construct cultured in osteogenic
medium for 28 days. v) hAFSC osteogenic differentiation in the printed construct was confirmed by Alizarin Red S staining (indicating calcium

deposition). Reproduced with permission.[’l Copyright 2016, Nature Publishing Group.

2. Bioprinting

Three-dimensional bioprinting can utilize imaging tech-
niques such as CT or MRI to reproduce the structural fea-
tures of the target tissue, and appropriate biomaterials and
cells to produce 3D implants for the reconstruction of bone
defects.?*! For example, employing computer-aided design
and computer-aided manufacturing (CAD-CAM) it was pos-
sible to produce complex 3D images for bioprinting.[*’! The
bioink which is used to print the structure is usually a cell-
laden hydrate polymer network, which is fed into the printer
(Figure 1). Subsequently, printed constructs are maintained
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in culture for maturation, followed by transplantation to the
target site.

2.1. Bioprinting Techniques

Three-dimensional bioprinting is commonly performed using
one of the following techniques (Figure 2A-C): 1) microextru-
sion, 2) inkjet, and 3) laser-assisted bioprinting (LAB).242] In
microextrusion 3D printing, bioink is extruded through nozzle(s)
either by pneumatic or mechanical methods (piston or screw)
(Figure 2A).7I In inkjet bioprinting, thermal, piezoelectric,

C

Laser Source

Piezoelectric ;'- )
actuator Focusing ~ Energy absorbing
lens layer
oot f o

Figure 2. Three-dimensional bioprinting techniques. The three most common 3D bioprinting techniques: A) microextrusion, B) inkjet, and C) laser-
assisted bioprinting. The microextrusion technique can be of three types, namely, i) pneumatic, ii) piston based mechanical, and iii) screw-based
mechanical techniques while the inkjet technique can be either thermal or piezoelectric type. (A,B) Adapted with permission.'”l Copyright 2013,
Wiley-VCH. (C) Adapted with permission.'¥l Copyright 2017, Nature Publishing Group.
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Figure 3. Images of dual extrusion printing. A) Two inks are separately extruded and combined after their exit from independent orifices to produce
a core shell construct (A and B). Constructs with a ceramic (0-TCP) core and cell-laden alginate hydrogel shell are shown. Following bioprinting, the
construct is immersed in CaCl, for crosslinking, followed by cementation of the o+TCP core in PBS. The hardened construct is then transferred to cell
culture C). (A-C) Reproduced with permission.[?l Copyright 2016, The Royal Society of Chemistry.

or electromagnetic means are used to deposit small bioink drop-
lets through nozzle(s) (Figure 2B). In laser-assisted bioprinting
(LAB), laser energy is used to volatilize a sacrificial layer, propel-
ling a payload to a receiving substrate (nozzle-free bioprinting)
(Figure 2C).”®] In addition, microextrusion can employ mul-
tiple nozzles, especially for printing materials under harsh
conditions that can be harmful to cells. For example, two types
of ink can be printed separately and then combined to produce
core-shell structures, wherein the core can be a ceramic, e.g.,
alpha tricalcium phosphate (0~TCP) and the shell can be a cell-
laden alginate hydrogel (Figure 3).12 Separate printing can
also be used for producing a reinforcement structure from
one outlet and a cell-laden hydrogel from a second outlet.l?!
Recently, stereolithography (SLA) was used to incorporate cells
into printed structures.%32 SLA involves the use of a focused
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ultraviolet (UV) light beam on a liquid photopolymer, leading
to polymer crosslinking and layer-by-layer printing.**l Hybrid
systems, in which hard and soft components can be combined
by using extrusion bioprinting and SLA, have also been devel-
oped (Figure 4).34 More recently, microfluidic bioprinting was
developed by combining microfluidic print-heads with extru-
sion printing for high velocity printing of multiple materials
(Figure 5A).1% This new modality makes it possible to program
sequential or simultaneous extrusion of different bioinks*¢-38l
with complex spatiotemporal control such as printing of
gradients into structures. With microfluidics, it is also possible
to achieve single-cell encapsulation into microgels.3%*! Such
microgels can be used for bioprinting and they may also help
to prolong the residence times of delivered cells and soluble
factors in vivo.¥

Visible Light Cross-linked
" A
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Pre-polymer Solution
(Not Cross-linked)

i
<

Figure 4. Hybrid bioprinter combining extrusion and SLA printing. Schematic illustration of combinatorial molten-material extrusion and digital light
processing-based stereolithography (DLP-SLA) processing with a hybrid scaffold-hydrogel construct during fabrication. Reproduced with permission.

Copyright 2015, IOP Publishing Group.
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Figure 5. Microfluidic A) and coaxial B) bioprinting. A-i) Schematic illustration of various steps of fabrication of microfluidic printing device.
i) lllustration of a microfluidic system that allows the flow of two different bioinks (red and green) through a single channel. Inset photograph shows
the coaxial needle system. Schematic diagram and fluorescence microscopy image of a cross-sectional view of a 3D constructs that were produced
with either alternate deposition or alternate/simultaneous deposition, are also shown. iii) Image of the impeller-based active mixer. White lines were
added to accentuate the edges of the nozzle tip. iv) Schematic illustration of a mixing nozzle for 3D printing of two different inks. Each ink enters
through an independent inlet into the mixing chamber, which has a defined diameter (d). The ink is homogenized in a narrow gap having a defined
width (0) by an impeller of defined diameter (A) rotating at a fixed rate (€2). B) Printing of alginate tubes using a coaxial extrusion printing system.
i) Schematic illustration of the 3D printing system (using a mechanical pump). Sodium alginate (blue line) and CaCl, (yellow line) are delivered to the
3D printing system. ii) Illustration of the coaxial nozzle. Sodium alginate solution flows through the sheath, and CaCl, solution flows through the core.
(A-i) Reproduced with permission.i*s Copyright 2017, Springer. (A-ii) Reproduced with permission.138 Copyright 2016, Wiley-VCH. (A-vi) Reproduced with
permission.®l Copyright 2015, PNAS publishing group. (B) Reproduced with permission.?®®) Copyright 2017, Springer.

The advantages and disadvantages of different bioprinting
modalities are summarized in Table 1. Although the reso-
lution of microextrusion bioprinting is 50-500 pm,?742] it
can be improved to reach values of <50 umi*? by combining
microfluidics with the system. Extrusion method is however,
associated with shear-stress during printing which may affect
cell viability.*] On the other hand, inkjet printing is a low-
cost technique and can achieve resolutions close to 50 um
with precise deposition of cells and biomaterials.?l The key
advantage of inkjet bioprinting is speed; its deposition rates
range from 1 to 10 000 droplet s™L.* Heat and mechanical
stress involved in inkjet printing may damage cells.*’! How-
ever, such heating was not found to have any significant effect
on cell apoptosis, because cooling of the printed structure to
room temperature occurs within seconds.*®! For example,
bioink drops are heated in the print head to =45 °C for less than
2 us, resulting in an average cell viability of =90%.14¢l Moreover,
with the introduction of mechanical valves and the printing of
highly viscous cell-containing hydrogel precursors, cell viability
has been significantly improved.*” While LAB is known for
its excellent resolution, it is associated with lower throughput
and it is slower than the inkjet and extrusion techniques. When
it is used for bioprinting of mesenchymal stem cell (MSC)
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grafts, laser- induced forward transfer (LIFT) can preserve the
graft structure.®l SLA is characterized by accuracy, high reso-
lution, and control of its internal and external architecture.*’]
For example, a high-resolution projection SLA apparatus allows
patterning at a <5 pm resolution.’® However, its use is limited
by cost and maintenance constraints.*)) Concern about UV
inducing mutations is being addressed by developing an SLA
that employs visible light for bioink crosslinking.l>!]

3. Bone Biofabrication Parameters
and Requirements

A range of parameters dictates 3D bone bioprinting process,
including the formulation of bioinks, crosslinking mechanism,
mechanical properties, cells, and bioactive cues including oste-
oinductive agents. In this section, we will discuss different
aspects of biofabrication parameters that may affect the perfor-
mance of 3D printed constructs applied for bone regeneration.
Specifically, we will discuss requirements for bioink for 3D
printing, including the type of polymer, crosslinking mecha-
nism, and bioactive additives. Osteoinductive agents added to
bioink to control and direct cell functions will also be discussed.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Comparison of bioprinting methods. Adapted with permission.?!l Copyright 2014, Nature Publishing Group.

Bioprinter type

Inkjet

Microextrusion Laser assisted

Material viscosities 3.5-12mPas™!

Gelation methods Chemical, photo-crosslinking

30mPas'to>6x 10" mPas™

Chemical, photo-crosslinking,

1-300 mPa s™'

Chemical, photo-crosslinking

sheer-thinning, temperature

Preparation time Short

Print speed Fast (1-10 000 droplets s™')
Resolution or droplet size <1 pL to >300 pL droplets, 50 um wide
Cell viability >85%
Cell densities Low, < 10° cells mL™
Printer cost Low

Advantages!'7% high speed, availability, relatively low cost

Slow (10-50 um s™)

5 um to millimeters wide

High, cell spheroids

High viscosity bioinks may be used

Short to medium Medium to long
Medium-fast (200-1600 mm s™')
Microscale resolution

40-80% >95%
Medium, 108 cells mL™!
Medium High

Precise fabrication and fast printing

and high cell densities can be printed

Disadvantages!'’% Lack of precise droplet size and placement,

requirement for low viscosity bioinks

Distortion of cell structure and often

High intensity UV light and long post-processing are often

low resolution required. Also, many of the inks are not biocompatible

We will also evaluate the role of cells and microenvironment
in directing bone regeneration. It is expected that optimizing
these parameters will help in designing optimal 3D printed
constructs for bone regeneration.

3.1. Bioink Requirements

Bioink is the substance used to produce 3D printed constructs
and it comprises a cell laden biomaterial with or without other
additives. The selection of the biomaterial for use in bioink
depends on a range of characteristics, including its chemical,
physical, and biological properties. Specifically, the biomaterial
should be printable and crosslinkable to achieve a stable con-
struct structure after printing. The biomaterial should main-
tain its mechanical properties to support resulting 3D printed
construct and allow tissue regeneration. It should also be cyto-
compatible (nontoxic in itself, its degradation products, or its
metabolites). In addition to cells, bioactive molecules may also
be included in the bioink and their spatial distribution can
be controlled as required, e.g., into gradients to influence cell
migration and differentiation to desired phenotypes. The bio-
material should also be able to support cell proliferation and
formation of appropriate ECM. The biomaterial should have
a fluid state to enable printing, and capability to subsequently
gelate to form a solid structure. However, it should not gelate
so quickly as this may lead to clogging the nozzle.?? Bearing
in mind these requirements, various biomaterials can be
employed in 3D bioprinting.

There are many biomaterials that were investigated for tissue
engineering, but only a few are suitable for 3D bioprinting. For
example, thermoplastics such as polylactide (PLA) and poly-&-
caprolactone (PCL) have excellent biocompatibility, but they are
not suitable for 3D bioprinting due to their high processing
(melting) temperature (poly-i-lactide, PLLA has a melting tem-
perature of 173-178 °C and PCL has a melting temperature
of 60 °C). Therefore, hydrated networks of polymers known
as hydrogels are used for bioprinting.’3l Suitable hydrogels

Adv. Healthcare Mater. 2019, 8, 1801048
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should be stable at physiological temperature to allow tissue
formation and maturation. The extrudability of a polymeric
solution depends on the biomaterial and on the printing system
which can be modulated. In general, biomaterials with viscosi-
ties of 30 to >6 x 10’ mPa s7! are considered suitable for 3D
bioprinting by extrusion.?

3.2. Polymers for Bioprinting

Alginate is the most commonly used hydrogel for bioprinting
due to its low cost, biocompatible nature, high viscosity, and
fast gelation kinetics. In bone bioprinting, alginate has been
used alonel?*°%4%71 or in combination with other biomate-
rials®13.15.18.25,30,52,54,57.62.66-77] (Table 2). However, alginate suf-
fers from low bioactivity,?” and thus, other polymers that have
better bioactivity such as collagen were explored. Collagen is an
interesting polymer that can promote cell adhesion. Unfortu-
nately, it has low viscosity and slow gelation kinetics, and thus,
it has been used only in few bone bioprinting studies.’? Com-
posite hydrogels containing collagen and other biomaterials
such as agarose were tested.’”l The use of denatured form of
collagen, gelatin, has also been explored in various combina-
tions with other biomaterials. Another natural polymer, hyalu-
ronic acid (HA), has been evaluated for bioprinting,?! but, it
suffers from poor mechanical properties. Hence, it has been
used in bioprinting as viscosity enhancer in combination with
other polymers.I"87

Natural polymers can be modified to have new properties
such as crosslinkability and thus, they can be turned suitable
for developing printable and stable 3D constructs. For example,
chemical modification of the backbone of HA with meth-
acrylate was employed to produce photo-crosslinkable meth-
acrylated HA (MeHA)."Yl Chemical crosslinking enables also
having biomaterials with tunable mechanical properties and
degradation characteristics.®% It was found that thiol-modifica-
tion of HA using gold nanoparticles can also increase the stiff-
ness of the hydrogel.®!! The modified gelatin hydrogel, gelatin

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Summary of reports on 3D bone bioprinting, listed in chronological order. Different cell types and biomaterials were used, with or without
added elements. Bioprinting was followed by crosslinking using different methods. Relevant outcomes and construct properties are presented.
Cells used include mesenchymal stem cells (MSCs), human MSCs (hMSCs), human bone marrow-derived stem cells (hBMSCs), porcine BMSCs
(pBMSCs), goat BMSCs (gBMSCs), rat BMSCs (rBMSCs), mouse BMSC (mBMSCs), inferior turbinate MSCs (TMSCs), human amniotic fluid-derived
(hAFSCs), adipose tissue-derived mesenchymal stem cells (aMSCs), endothelial cells (ECs), human umbilical vein endothelial cells (HUVECs), goat
endothelial progenitor cells (gEPCs), the preosteoblast cell line MC3T3-E1, the osteosarcoma osteoblast-like cell line SaOS-2, and porcine fat tissue
stromal vascular fraction (SVF) derived cells. Various biomaterials were used, including alginate (Alg), collagen type I (Col 1), hyaluronic acid (HA),
gelatin methacryloyl (GelMa), methacrylated gelatin (Me-Gel), HA-methacrylate (HAMa), PEG dimethacrylate (PEGDMA), methacrylated HA (MeHA),
polylactide (PLA), polylactide-co-glycolide (PLGA), poly-e-caprolactone (PCL), polyethylene glycol (PEG), polyvinyl alcohol (PVA), and carboxymethyl
cellulose (CMC). The osteoconductive elements used include hydroxyapatite (HAp), tricalcium phosphate (TCP), calcium polyphosphate (polyP - Ca?*),
bioactive glass (BaG), biphasic calcium phosphate (BCP), calcium phosphate (CP), nano-BaG (nBaG), nano-HAp (nHAp), n-silicate, microparticles
(m-particles), and extracellular matrix (ECM). Growth factors include bone morphogenetic protein 2 plasmid DNA (BMP-2 pDNA), collagen binding
domain BMP-2 CBD-BMP-2, and vascular endothelial growth factor (VEGF). Bioprinting was achieved through extrusion (Extr), fused deposition
modeling (FDM), 3D fiber deposition (3D FD), ink-jetting or laser-assisted bioprinting (LAB) (e.g., laser-induced forward transfer (LIFT), near infrared
(NIR) pulsed laser beam), microfluidic and stereolithography (SLA) methods. Solidification was achieved using different methods, involving materials
such as calcium ions (Ca), barium (Ba), or strontium (Sr). Calcium chloride (CaCl,) was used to release calcium ions. In some studies, ultraviolet
(UV) irradiation was used. The photoinitiator VA-086 was used for UV crosslinking. Times are presented in days (d) and weeks (wk). Outcome is
noted, including cell viability (viab), fiber diameter (¢), sizes of constructs, dimensions such as height (ht), and strength in kilo Pascals (kPa).

Cell Material Method Gelation Comment Size, structure, strength ~ Ref.
gBMSCs Alg, Lutrol F127, PEO-PPOPEO 3D FD (Pneu- CaCl, — Best gelation with Alg and Lutrol. Lutrol only 20x20x2 mm [62]

(Poloxamer 407), Matrigel, matic Extr) 4% viab @3 d. Possible to print two different cell

agarose, methylcellulose populations.
— On Alg osteogenic differentiation @14 d of
culture.

pBMSCs Temporary use of hydrogel LIFT CaCl, — Possibility to use high cell density. High cell Grids [48]

(plasma + Alg) for 2 wks in density increased differentiation.

culture. Then, cell grafts were — No difference in proliferation between printed
removed. and control cells.

— Generated 3D constructs of nondifferentiated
and predifferentiated MSCs, which could be dif-
ferentiated to bone and cartilage tissue grafts.

— Differentiated constructs kept their predefined
shape even after several weeks in culture.

gBMSCs and 2 phases. Matrigel or Alg BCP Pneumatic CaCl, for Alg - ECs and MSCs viab and distinct cell distribution [66]
gEPCs m-particles. Extr were maintained @2w.
Lutrol (F127) — Cells homogeneously distributed throughout
the gel.

— In mice, integration with the host tissue and
formation of microvessels in the EC-phase.

— Demonstrated for the first time that multiple
printed cell types retain their functionality in vivo
and produce respective ECM.

hBMSCs Alg and BCP particles 3D Fiber CaCl, — Viab 89% + 2% @5 h, 88% + 6% @24 h — Size:1X2cm [64]
depos (pneu- postprinting — Porosity 70-5%
matic Extr) — Uniform cell distribution (macro-55-5%,
— Limited construct height achieved (10 layers). and microporosity
— Cells remained in their planned compartment. 20-5%).
— MSC osteogenic differentiation. — Vertical pores were
— Tissue formed in vitro and in vivo. regularthroughout,
— Limited interaction between cells in the adjacent whereas transversal
layers. pores fused.

— Lack of abundant bone formation.

MC3T3-E1 Alg between PLA struts Pneumatic CaCl, — Viab 84% @25 d. Proliferation 100% pore [65]
Extr — Mechanically improved interconnectivity
MSCs Alg + CP + BMP-2 DNA 3D FD CaCl, Optimal concentration of Alg is 10 ug mL™ — 10 successive layers [56]
(Bioscaf- (20x20x 5 OR
folder = pneu- 10 x 10 x 5 mm).
matic Extr) — Degraded by 6 wk
hMSCs Alg /gelatin + HAp powder Fab@Home 2-step - Viab>84%3d [77]
in different concentrations 3D printer processing: — HAp increased gel viscosity without increasing
(0-8%) Model 2 thermal for significantly elastic modulus, and did not affect
(Extrusion) agar + CaCl, cell viability

for Alg gelation

Adv. Healthcare Mater. 2019, 8, 1801048 1801048 (7 of 24) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED

ADVANCED HEALTHCARE
SCIENCE NEWS MATERIALS
www.advancedsciencenews.com www.advhealthmat.de
Table 2. Continued.

Cell Material Method Gelation Comment Size, structure, strength  Ref.
Sa0s-2 Alg /gelatin + silica + nBaG Pressure CaCl, BaG enhanced proliferation + mineralization 13 mm; 1.5 mm ht [75]
(Extr)
Sa0Ss-2 Alg + gelatin. Then, over layer Pneumatic CaCl,. Cooling  Agar + Ca poly Po4 resulted in increased Cylinders: [76]
of polyP - Ca?* agarose Extr for agar proliferation and mineralization and hardness. 1.6-1.9 mm thick
(Bioplotter) With increasing incubation Time, cylinder shape
disintegrated. Mechanical stability lost after d5
hBMSCs PEGDMA + nBaG and nHAp. Thermal Not indicated  — Viab 86.62 + 6.02% @ 21 d. least cytotoxic. 4 mm diam. [15]
Photoinitiator Irgacure 2959 inkjet With HAp. Compression modulus:
(1-2959) — Significantly highest ALP (osteogenic 358.91 +48.05 kPa @
differentiation) with HAp 21d.
— Even distribution of cells
— Suitable to construct osteochondral interface.
hBMSCs PLGA 85:15 + PEG blend Fab@Home 2 — Mechanical properties best @ higher viscosity. 6 mmg, 12 mm ht. [69]
93.5:6.5 microparticles + CMC ~ (mechanical However, reduced cell viability. Yield stress:
or Pluronic F-127. Extr) — @Carrier: solid ratio of 1.5:1 viab was 87% @d0 1.22-1.15 MPa.
and 77% @d 1. Young's modulus. 54.4-
— PL127 requiring larger ratios than CMC to 57.3 MPa. Porosity:
achieve complete extrusion 10.8-12.4%. Mean pore
size:
65.3-76.6 um.
hBMSCs Acrylated PEG + acrylated Inkjet — Viab 87.9 £5.3%. 4 mm cylindrical [68]
peptide — Excellent mineralization.
hTMSCs Silk fibroin + gelatin Multihead Tyrosinase +  — Multilineage differentiation Maintained stable 3D [52]
deposition sonication — Viable in 8SF-15G-T over 1 mo culture, structure
(Pneumatic
Extr)
Sa0s-2 Alg + gelatin + ECM Microfluidic Ca, Ba,orSr  Viab>95% [57]
rBMSCs CBD-BMP-2-collagen microfiber-  Screw-based uv — Viab 91.8 + 0.9% after printing, 92.1+1.5% @d7 20x 20X 2 mm [73]
laden methacrylamide gelatin ~ Extr (custom- and 94.9 £ 1.6% @d28
hydrogel ized printer) — Cells distributed well in the gel.
— CBD-BMP-2-collagen microfibers induced osteo-
genic differentiation within 14 d, more efficiently
than osteogenic medium.
hBMSCs Col | and agarose Inkjet Gelation — Viab>98% @21 d. Cell spread, branch + osteo- [72]
(for mechanical stiffness) (Thermal) @15-37°C genic differentiation in less stiff constructs.
hAFSCs Gel composite + TCP + PCL + Extr (FDM) Thrombin — 295% viab on day 0, Mandible form [25]
Pluronic
MC3T3-E1 Alg-TCP core-shell Extr (Screw CaCl, Almost all viable. Compression strength [29]
for core, 3.2 MPa, Mod
pneumatic for 10.92 MPa
shell)
haMSCs 10 wt% GelMa + 2 wt% Pressure Extr uv Viab 97% @d1, improved @ d3 and 7 18]
HAMa + 0.5 wt% VA-086 (100 kPa)
(Photoinitiator) solution
hHUVECs, GelMA + PLA fibers + VEGF Extr (FDM) Highly osteogenic construct with organized Cylinder (9 mm f, 4 mm  [30]
hMSCs peptide + BMP-2 peptide for PLA phase vascular networks was generated. thick)
+SLA for
GelMA phase
MC3T3-E1 Col I + o+TCP Pneumatic Tannic acid Viab > 91% @4 h. Significantly higher cell activities [54]
Extr
@230 kPa.
hBMSCs MeHA, 0.1% photoinitiator Piezoelectric uv — Viab 64.4% @ 21. Methacrylation made HA 20 %20 x 3 mm, lumbar  [71]
Irgacure 2959. inkjet printable. scaffold 20 X 25 x 1 mm
(Bioscaf- — Intrinsic HA osteogenicity led to excellent
folder) osteogenic differentiation
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Cell Material Method Gelation Comment Size, structure, strength  Ref.
MC3T3 Alg + PVA + HAp (varying Extr (HyRel CaCl, — Viab 95.6% after print and 77.5% after Ca bath. 1.5Xx2cm. comp. mod.  [74]
concentrations) printer) — Cells were well distributed and encapsulated. 10.3 kPa decreased
to 2.4 kPa @ d14.
Remained intact for 14 d
HUVECs + GelMA + n-silicate + VEGF Extr-based uv — Support cell survival and proliferation. Problem with 9]
hBMSCs (gradient) direct-writing — High structural stability @ 21 d. maintaining structure
— Capillary formation. @21d.
— Synergy between EC and MSC. Gradient, vascular
— MSC in inner fibers differentiate to vascular channels.
myocytes.
mBMSC D1 Col + nHAp discs LAB: NIR — Significant bone formation in central type (mouse ~ Central 2 mm. Ring [13]
cell line pulsed laser calvarial defects). (2 mm inner and 3 mm
beam — 2 mo postop, homogeneous bone regeneration outer f)
MC3T3-E1 Chitosan + n-HAp, Alg + n-HAp  Extr (Fab@ Thermal — Viab. =89-93% @d3 and 90-95% @d9. Chitosan hydrogels [67]
Home 3) 32-37°C — Higher cell growth on HAp scaffold and on had higher elastic mod
for chitosan chitosan than in Alg constructs. than Alg.
CaSO4 then  — Higher proliferation on chitosan and chitosan-
CaCl, for Alg HAp. Increased with time in chitosan-nHAp.
— Higher ECM production and mineralization on
nHAp gels.
Porcine fat  Me-HA, Me-Gel or HA alone or 2 head Extr uv Improved in vitro and in vivo vascularization and no 8 mm g, 2 mm thick [70]
tissue with PCL/HAp bioprinter neg effect on osteogenesis. cylinder-like
SVF-derived (bioplotter =
cells >pneumatic)

methacryloyl (GelMA) is another example of modified natural
polymer, which is becoming an important biomaterial in 3D
bioprinting.®2%3 GelMA can be chemically crosslinked with
light to improve its stability under physiological conditions.!®]
GelMA was also combined with MeHA (GelMA/MeHA) and
used in printing inks. The addition of MeHA was found to
improve the mechanical properties of printed 3D constructs.!'®!
However, with more complex materials, the challenge is to pre-
serve important physical and chemical properties of the bioma-
terial which are necessary for processing and for the function of
the resulting constructs. In addition, synthetic polymers such
as Poloxamer 407 (Pluronic F-127),»! poly(ethylene glycol)
(PEG),B4%] and PEG dimethacrylate (PEGDMA) were investi-
gated for bone bioprinting!' with varying results (Table 2).

3.3. Bioink Crosslinking

The structural stability of a printed material can be improved by
gelation using postprinting crosslinking techniques.? Figure 6
illustrates various crosslinking approaches which can be either
chemical, physical, or both.”® Chemical crosslinking methods
include the use of tyrosinase for gelatin,? tannic acid for col-
lagen,’ and factor XI1I (fibrin stabilizing factor), which is acti-
vated by thrombin for fibrinogen. Methanol, glutaraldehyde, and
EDC-NHS,P8 which are commonly used agents for crosslinking,
are not suitable for use after bioprinting, because they may
affect cell viability and functional integrity of bioprinted con-
structs.52l Chemical crosslinking can also be achieved, e.g.,
by the use of UV light for GelMA.*>! Physical crosslinking
approaches include thermal gelation for collagen and sonication

Adv. Healthcare Mater. 2019, 8, 1801048
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for silk fibroin,? and ionic gelation using calcium,?%% barium
or strontiumP”! for alginate. Many of these methods can affect
cell viability,®” and thus, their use and exposure time should
be carefully adjusted. UV is usually used with a photoinitiator,
and one study that compared the effect of five photoinitiator
agents on cell viability, showed that Irgacure 2959 and VA-086
are the most promising ones.®!] While Irgacure 2959 radical
exhibits cytotoxicity, VA-086 was associated with =90% viability.
In addition to effect on cell viability, the choice of crosslinking
method will influence also stability of the resulting structure
of the construct. For example, the diameter and architecture of
the resulting fibers may differ, depending on gelation rate, and
used crosslinking technique and time. For example, a slow-gel-
ling agarose may result in the formation of broad fibers, which
tend to fuse, affecting the stacking of layers in the resulting scaf-
fold.[®2l All these factors have to be balanced to produce biocon-
structs having appropriate stability, appropriate function and
clinically relevant size.

3.4. Additives to Bioinks to Improve Physiochemical
and Biological Properties

To engineer the mechanical, rheological, and biological proper-
ties of bioinks, a broad range of materials have been used. The
main focus has been put on improving the mechanical resil-
ience of printed bone constructs while enhancing the osteocon-
ductive and osteoinductive properties. Common materials to
increase the mechanical strength of bioprinted bone constructs
encompass polymers, micro- and nanoparticles, and fibers. In
addition, bioactive additives, such as hydorxyapatite (HAp) and
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Published by IOP Publishing Group.

bone morphogenetic protein 2 (BMP-2) have secured a key role
in imparting osteoconductivity and osteoinductivity, respec-
tively, to 3D bioprinted bone constructs.

3.4.1. Reinforcement, Improving Mechanical Properties

Several strategies have been suggested to enhance the strength
of hydrogel-based systems, such as the reinforcement of printed
hydrogels with thermoplastic polymers(®! or bioceramics.**#”]
In one example, simultaneous deposition of hydrogels and
reinforcing electrospun fibers was carried out (Figure 7). In
addition to nanofibers, %] nanoparticles,’®”] microparticles,!®”!
microcarriers,’ and struts®! have been used to provide
mechanical support or improve the strength of bioprinted
constructs. Furthermore, crosslinking of bioprinted constructs
by UV-rays and chemical agents does not only improve their
mechanical properties but it also increases the stiffness, lon-
gevity as well as thermal stability of 3D printed constructs.

In one study, poly(lactide-co-glycolide)-PEG (PLGA-PEG)
microparticles were used to provide strength advantages
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to BMSC-laden carboxymethyl cellulose (CMC). Values in
the range matching those of cancellous bone were achieved
(vield stress of 1.22-1.15 MPa and Young’s modulus of 54.4—
57.3 MPa).®l However, a high microparticle content was
associated with reduced cell viability. This is probably related
to increased stress exerted on the cells during extrusion, as a
result of reduced amount of lubricant (viscous CMC). Further
work to attain balance between cytocompatibility and PLGA
particle concentration (with improved mechanical properties)
should be conducted.® In another study, HAp nanoparticles
were used and nanoparticle concentration of 0.5 mg mL™! was
found to be optimal for achieving the highest strength and bio-
activity in GelMA scaffolds thus, making them promising for
use in low load-bearing bones.®”l Furthermore, the compres-
sion modulus was shown to be improved by using PLA micro-
particles (microcarriers) in MSC-laden gelatin methacryla-
mide-gellan gum bioink.’% Mechanical support of 3D printed
hydrogel constructs can also be obtained by externally applied
PCL reinforcement and Pluronic F127 temporary support.[?’]
In future, strategies that combine cellular (hydrogel-based) and
acellular strong 3D printed constructs can be developed.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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3.4.2. Osteoconductive Elements

To enhance bone formation, various osteoconductive elements
have been added to bioinks. Studies have reported adding
HAp,[1113.15,67.70.7477] TCPI23:29549192] o1 other osteoconductive
materialgl?0.646075.7692] (Table 2). HAp is a major component
of the bone,®! and hence, it is used in bone 3D bioprinting.
Even with synthetic polymers such as PEGDMA, adding HAp
to hMSC-laden constructs was associated with increased
osteogenesis.'”l In addition, the use of TCP was explored,
and results showed that oTCP can provide osteoconductivity
and has higher solubility than B-TCP does.® In aqueous
medium under neutral pH, o-TCP forms calcium-deficient
HAp.?lo-TCP paste-extruding deposition was thus, used to
develop the core of constructs having a printed shell made of
preosteoblast (MC3T3-E1) -laden alginate hydrogel.l’)

Other materials, such as polyP - Ca?*-complexes, orthosilicate
(silica), and biosilica were used in alginate/gelatin hydrogels
and bioprinted with bioactive glass (BaG) and SaOS-2 cells.””!
It was found that adding BaG can increase bioprinted SaOS-2
cell proliferation and mineralization. In contrast, a study that
used BaG nanoparticles with PEGDMA gels reported that cell
viability was worse with BaG (63.80 £ 7.54%) than with HAp
nanoparticles (86.62 * 6.02%), possibly due to higher cytotox-
icity associated with BaG.["l In earlier studies, it was found that
concentrations > 0.2 mg mL™ of BaG nanopowder were more
cytotoxic than micropowder.”! Thus, the concentrations of
used nano-BaG have to be carefully adjusted to gain osteocon-
ductivity advantage and avoid cytotoxicity, especially when BaG
is used alone. In another study, it was shown that adding HAp
to alginate and chitosan hydrogels was associated with better
mineralization after 21 days in culture.l’”) In addition to the
importance of possessing osteoconductivity, the porosity (%,
size, levels, and interconnectivity) of the resulting scaffold also
matters. It was demonstrated that osteogenic differentiation is
higher in porous BMSC-laden calcium phosphate (CP)-particle-
containing alginate than in nonporous constructs.l*%l

3.4.3. Osteoinductivity

For osteoinductivity, growth factors are usually used. The
two most commonly used growth factors in bone bioprinting
studies are BMP-2 and vascular endothelial growth factor
(VEGF) because of their efficiency in producing vascularized
bone constructs.'! BMP-2 can be used as a protein or a polynu-
cleotide (DNA). For example, BMP-2 plasmids that were used
in BMSC-laden 3D bioprinted CP-particle-containing alginate
constructs®® led to induced alkaline phosphatase (ALP) activity
and osteocalcin expression. However, although BMP-2 protein
production was seen during the first week of culture, no bone
formation was observed in the constructs implanted in the sub-
cutis of mice for 6-weeks. BMP-2 was two-dimensionally (2D)
printed onto acellular dermal matrix (ADM) which was used
for the treatment of experimental 5 mm diameter parietal bone
defects in mice. Bone formation covered 66.5% of the BMP-2
printed area of ADM when it was facing the dura (the source
of cells) and only on areas of the discs that were printed with
BMP-2 (spatial specificity).’®! Similar results were observed
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with 3D-printed BMP-2 patterns on DermaMatrix human
allograft scaffolds, where C2C12 progenitors were found to
differentiate into osteogenic cells in BMP-2 patterns, in a dose-
dependent manner.*’!

It is important to develop strategies for drug release that can
be controlled in spatial and temporal fashion and in a gradu-
ated system.P®l In recent research, bioprinted systems that inte-
grate a gradient drug releasing system were developed.’] An
interesting strategy involved the use of a 3D printing system
to develop a sequential drug release from an alginate shell and
a PLGA core, and it proved to be nontoxic to bone-marrow-
derived mesenchymal stem cells (BMSCs)®! (Figure 5B).
Because osteogenesis and angiogenesis are well synchronized,
a smart biomimetic growth factor-releasing nanocoating was
developed in which electrostatically assembled recombinant
human BMP-2 (thBMP-2) and recombinant human VEGF
(thVEGF) were released from the nanocoating by the effect of
metalloproteinase 2 (MMP2). When MMP2 degrades the gel-
atin, the growth factors are released. ALP activity in MSCs rose
more rapidly and was sustained for longer time in the MMP-
triggered BMP-2 release system.l! Concomitantly, it is impor-
tant to have good control over the release of VEGF because
excess VEGF may lead to inhibition of osteogenesis.'%!

It was observed that silicate nanoparticles included in bio-
printed GelMA can induce hMSC differentiation in cultured
bioprinted constructs. The degree of mineralization was
dependent on the amount of silicate nanoparticles, with the
greatest mineralization was observed with the concentration
of 100 ug mL . Sodium ions (Na+), magnesium ions (Mg?"),
silicic acid (Si(OH)), and lithium (Li) resulting from synthetic
silicate dissociation in aqueous media may induce osteogenic
cellular responses.'®! The release of silicon oxide and magne-
sium oxide from 3D-printed TCP scaffolds was shown to accel-
erate bone formation and increase angiogenesis in rat’s femoral
bone.l'%2 Although, hBMSCs osteogenic differentiation in 3D
bioprinted methacrylated high-molecular weight HA (MeHA)
occurred without the addition of other osteogenic stimuli, the
addition of BMP-2 resulted in more mineralization occurring
in the hydrogels.!

3.5. Cells

Selecting the appropriate cell types for bone bioprinting is
critical for the success of fabricated 3D bioprinted constructs.
To mimic native bone tissue, 3D bioprinted constructs should
ideally include different cell types, such as osteogenic and angi-
ogenic cells. To date, cells used for bone bioprinting included
various osteogenic cell types.!%1>18:52:55.62,64.66,68-7173] For angio-
genesis, endothelial cells (ECs)P3*%! or endothelial progenitor
cells (EPCs),l° have been used (Table 2). Although BMSCs
are widely used for bone engineering, human turbinate MSCs
(hTMSCs) were also explored for 3D bone bioprinting.”? They
can be obtained from discarded tissue following inferior turbi-
nate removal procedure carried out for the treatment of nasal
obstruction.'®! The cells have a very high yield (30 + 1.2-fold
increase in nasal septal progenitors relative to BMSCs),[1%4l
and they can differentiate into multiple lineages.'® In addi-
tion, donor age and passage have no significant effect on their
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differentiation characteristics [unlike BMSCs or adipose tissue-
derived mesenchymal stem cells (aMSCs)].20%]

Moreover, MSCs were recently derived from induced pluripo-
tent stem cells (hiPSCs) and they can be used to circumvent the
problem of limited number of initial autologous MSCs that can
be obtained from conventional sources such as bone marrow.
Furthermore, during the reprogramming process, iPSC-derived
MSCs (iMSCs) become also rejuvenated and show better sur-
vival, proliferation and differentiation capacity.'® These
advances in stem cell technology may provide alternative cell
sources for personalized bone bioprinting in future.

In bioprinting, cells can be employed as individually encap-
sulated or as dispersed cells in hydrogel precursor, or they can
be used in microcarriers and cell aggregates (spheroids).[*?
Single-cell encapsulation*!l for bioprintingl®”! is opening new
possibilities to build tissues/organs block-by-block (modular
tissue engineering), and to add various molecules, drugs, and
markers into the resulting constructs.

3.6. Role of the Microenvironment

In early cell differentiation, soluble factors can be more impor-
tant, but at later stages, other factors such as matrix elasticity
become also important. For example, it was shown that MSCs
are extremely sensitive to tissue-level elasticity, and it has been
suggested that rigid matrices may be associated with osteo-
genic differentiation, whereas stiff matrices with myogenesis,
and soft matrices with neurological cell differentiation.'%! In
bioprinted scaffolds, increased calcium deposition was found
to be associated with stiff crosslinked nanocoated surfaces.!!
There was, however, a different observation in a study by
Campos et al.,”?l who used collagen type I-agarose hydrogel
blends with hMSCs for bone 3D bioprinting. More osteogenic
differentiation of MSC was observed with less stiff blends.
Further studies are needed to clarify this issue and have defini-
tive answers.

In 3D printed constructs, cell guidance can be influenced
by both chemical and physical cues,'”] and it was shown that
C2C12 cells can assume a position parallel to the orientation
of polystyrene fibers that were coated with serum or fibrin.
However, cells in regions of fibers printed with BMP-2 had also
increased ALP expression.['””] As a means of physical guidance,
i.e., through cell adhesion, the use of arginyl-glycyl-aspartic
acid (RGD), which is recognized by cellular integrins, has been
explored. Engineered human-safe RGD-phage nanofibers were
combined with chitosan and used in a 3D-printed ceramic
(BCP, HAp/B-TCP 80/20) scaffolds. When scaffolds were
seeded with MSCs, they were found to induce osteogenesis and
angiogenesis in rats’ radial bone defects.’? Interestingly, RGD-
phage was found to induce MSC osteogenic differentiation
without the need for an osteogenic supplement.['%!

In studies on the effect of electromagnetic field on stem cells,
it was found that under specific conditions it leads to acceler-
ated tissue formation.'%! It was also noted that cell movement
and migration can be guided by the application of small elec-
tric fields, which can improve in vivo bone healing.''*1!1] The
physicochemical and electrical properties of a biomaterial can
also be manipulated to control cell behavior in the 3D printed
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construct. For example, polylysine was used because it is posi-
tively charged and thus, can promote cell adhesion by enhancing
electrostatic interactions with the negatively charged cell mem-
brane.!l Because magnetic nanoparticles can stimulate tissue
growth through the application of magnetic fields,''? PCL and
PCL/iron oxide scaffolds having coaxial and bilayer structure
were investigated, and it was found that hMSCs spread well and
adhere better on magnetic nanoparticle/PCL scaffolds.!3]

4. Bioprinted Bone Constructs

Relevant studies on bone bioprinting are summarized in
Table 2. Integrated advances for the development of well-
controlled bioinspired tissue constructs that precisely mimic
the microstructure of bone tissue have been investigated!!
(Figure 8).

4.1. Fabrication

It is important to note that reduced complexity of Dbio-
printing fabrication can increase the potential for industrial
production.[®® However, certain degree of complexity is inevi-
table, and it is required for the fabrication of biomimetic
tissues. As discussed above, to produce appropriate osteocon-
ductive constructs, various materials need to be combined,
and thus, modifications are required to adapt 3D bioprinters to
print different biomaterials. In one stage approach, cells and
ceramic containing hydrogels are used to print constructs. For
example, SaOS-2 cell-laden BaG nanoparticle-containing algi-
nate/gelatine hydrogel was used to 3D print constructs.”” In
another approach, a two-step printing process was used for
bioprinting cell-laden collagen coating onto an a-TCP/type-I
collagen 3D printed core (Figure 9).5* With the use of a one-
step PEG scaffold 3D bioprinting, crosslinking, conjugation
of acrylated RGD and acrylated MMP sensitive peptides and
encapsulation of hMSCs can also be achieved. Constructs were
printed layer-by-layer and simultaneously photopolymerized.
With simultaneous photopolymerization, cells were distributed
evenly in the resulting 3D bioprinted constructs. The whole
3D bioprinting process for each construct took less than four
minutes.[%8!

In addition, the use of microfluidic bioprinting was found
to be useful for mixing of bioink constituents and for precise
control over the resulting product morphology. For instance,
the use of two inlet snake micromixing chips was found to
achieve a homogeneous distribution of cells in printed micro-
fibers. In one study, microfluidic microfiber bone bioprinting
was achieved by using a hydrogel made of either alginate with
a gelatin solution or alginate with a particulate urinary bladder
matrix (UBM) and SaOS-2 cells.’”) In another study, alginate
fibers were bioprinted by using microfluidic channels con-
taining CaCl, solution as a crosslinking agent, and the bio-
printed fibers were pulled on a roller. The fiber size was initially
determined by microchannel diameter and was further reduced
by rolling, down to 1 um in diameter.!*

Most recently, a vascularized osteon-like bone construct
was engineered using extrusion-based bioprinting with the
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Figure 8. Development of biomimetic bone tissue construct. A) Schematic illustration of the bioprinting strategy used for building bone architecture.
A perfusable HUVEC-lined vascular lumen was fabricated within the bioprinted construct by arranging individual VEGF-functionalized GelMA rods with
varying mechanical strength. To induce osteogenic hMSC differentiation, the three outer layers of the cylinders were loaded with silicate nanoparticles.
The three outer layers of the cylindrical hydrogels also had VEGF covalently conjugated to them. B) Schematic illustration of the 3D printing process of
independent cell-laden cylinders employing an automated bioprinter. C) Cross-section image of the bioprinted construct (i) and chemical conjugation
of a gradient (Texas Red) onto —COOH modified GelMA fibers (ii). The intensity of fluorescence is directly proportional to the amount of conjugated
dye. D) Formation of HUVEC/hMSC-lined perfusable lumen in the construct. The construct contains GFP-labeled HUVECS (GFPHUVECs) and hMSCs,
which were cocultured for seven days, then perfused for five days. i) Cross-sectional view of the construct. Cross- and top-view of the construct
showing encapsulated cells stained as Live or Dead inside the construct. ii) HUVEC-lined lumen within the construct. Cross- and top-sectioned
confocal micrographs of the central vessel within the construct, which was stained with DAPI and o-SMA on day 12 post culture. Encapsulated ECs
lined the vascular walls (green), and pericytes differentiated from hMSCs (red). iii) EC lining of the central channel. iv) Immunostaining of ECs and
o-SMA-expressing hMSCs in the inner part of the lumen. v) Vascular lumen network perfused with a fluorescence microbead suspension at day 7
postculture. Images of the 3D hydrogel construct before and after microbead perfusion through the lumen. Reproduced with permission.®l Copyright
2017, Wiley-VCH.
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Figure 9. A two-step printing process. A) lllustration of a two-step printing process used for bioprinting preosteoblast (MC3T3-E1)-laden collagen
coating onto o-TCP/type-| collagen 3D printed core. B) Images showing cell-laden collagen coating i), and in situ staining showing live (green) and
dead (red) cells ii) following printing with the cell-laden collagen. iii) Illustration of cell-laden collagen coating of TCP/collagen core. Reproduced with
permission under the terms of the Creative Commons Attribution 4.0 International License.’¥l Copyright 2017, the Authors. Published by Nature

Publishing Group.

coculture of ECs and hMSCs in a GelMA hydrogel. To com-
bine two types of tissues in one construct, cylinder-shape cell-
laden hydrogels with different compositions were bioprinted.
A higher mechanical stiffness on one side of the construct
and encapsulated silica nanoplatelets were used to induce
osteogenesis, and chemically conjugated VEGF was used to
stimulate angiogenesis. The 3D bioprinted constructs were
stable for 21 days in vitro. After seven days, a perfusable
vascular channel developed in the middle of the bioprinted
construct. Perfusion enhanced the mineralization of bone-like
matrix and supported the maturation of the construct. How-
ever, there were difficulties with maintaining the structural
stability of the construct after 21 days in culture due to the deg-
radation of the GelMA gel.’)

4.2. Construct Physical Properties
4.2.1. Size and Porosity

The size of 3D bioprinted bone constructs that were pro-
duced so far ranges from 2 to 3 mm, using laser-assisted!!?!
technique, to 1-2 cm, using microextrusion bioprinting.[+74
To the best of our knowledge, the largest construct so far was
produced by Kang et al. (3.6 cm x 3.0 cm) and it was thought
to be appropriate for mandibular bone reconstruction.!?!
Constructs are usually in the form of porous structures
comprising several layers.’*l Sawkins et al.l®! produced a
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construct that has a porosity of 10.8-12.4% and mean pore
size of 65.3-76.6 um. McBeth et al. generated constructs with
larger pore size of 400 x 400 um through the extrusion of
a printed GelMA lattice coated on a titanium substrate; this
construct could be used to improve implant osteointegra-
tion by triggering mineral deposition of MG63 lines and
primary human osteoblasts.’®) An ideal construct for bone
engineering should have high porosity and interconnected
channels and pores,/”?! with pore size of 200-400 um to
promote in vivo tissue growth.[!15-118]

4.2.2. Degradation and Structural Stability

For constructs to be suitable for the engineering of bone tissue,
they need to have reliable structural stability. Controllable
construct biodegradation is particularly important. For example,
it was reported that 3D-printed cell-laden alginate-PVA-HAp
constructs remain intact for 14 days in cell culture media,”*
and 3D bioprinted BMSC-laden TCP-containing alginate con-
structs degrade completely in six weeks.’® For GelMA, it was
found that 50% of the 3D-printed lattice degrades on day 4,
with 80% of GelMA degrades on day 18 in type II collagenase
solution. It is important to choose an appropriate UV expo-
sure time to allow GelMA constructs to sustain their structure
beyond 3—4 weeks in vitro. GeMA tends to retain its structure
for four weeks in culture media.’” Cell-laden GelMA rods were
found to degrade to a large extent due to cell-secreted enzymes,
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and they barely maintained their bioprinted structure by
21 days.”!l Cell-laden silk fibroin gelatin constructs crosslinked
with sonication were also found to be unstable after 21 days.
HA, when modified with methacrylic anhydride and photo-
polymerized into networks, is an excellent bioink because it can
resist degradation from less than 1 day to almost 38 days. It
also maintains its mechanical stability and biocompatibility.®!
It was observed that any shape can be fabricated with an HA
network composition of 22% (w/v) (Figure 10B). In the future,
programmed hydrogels with controlled tunable degradation
profiles can be produced to provide personalized custom-made
3D constructs.[1!]

4.2.3. Mechanical Properties

The initial strength and the retention thereof in 3D-bioprinted
bone constructs in aqueous media are also important aspects
which need to be defined. 3D bioprinted constructs engi-
neered by using natural hydrogels have a compression mod-
ulus (usually below 5 kPa) lower than that of synthetic polymer
constructs (such as PEGDMA coprinted with HA, which can
have a strength of 358 kPa).l'> Alginate, for instance, loses
much of its strength (=40%) after nine days in culture.12%
Although there has been some success in building a gradient
system and microchannels into a 3D-bioprinted bone con-
structs with a delicate biomimic structure,’) mechanical sta-
bility was lost after 21 days in culture. An SaOS-2 cell-laden
gelatin-functionalized alginate hydrogel that was bioprinted
and then overlaid with polyP-Ca?* lost its mechanical stability

A

8SF-15G-T 8SF-15G-S Alginate

5mm 5mm

www.advhealthmat.de

after five days in culture. When incubated for six days or
longer, the cylinder-shaped constructs disintegrated.’®l Some
cell-laden 3D-printed hydrogel constructs (alginate, PVA and
HAp) had compression moduli of 10.3 kPa, but decreased to
2.4 kPa over 14 days in culture.’* Cell-laden collagen-coated
TCP-collagen scaffolds had an elastic modulus of 0.55 +
0.10 MPaP* which is lower than that of the trabecular bone
(20-52 MPa in bone having a density of 0.09-0.75 g cm2).[121]
Three-dimensionally bioprinted BaG and HAp particle-con-
taining scaffolds were found to be softer than PRG gel-only
ones. However, by 21 days, they recovered their stiffness, pos-
sibly due to ECM production by loaded MSCs differentiating
into osteogenic cells.'”l Alternatively, core-shell constructs
(oTCP core and cell-laden alginate shell) exhibited good
compression strength (3.2 MPa) and structural preservation
for 35 days in vitro.?”) With the current limitation in strength
retention, it is very difficult to have mechanically reliable con-
structs that can be used in clinical applications. Thus, there is
a need to develop constructs with higher initial and retained
strength properties.

4.3. Cell Function
4.3.1. Cell Viability
Cell viability represents an important measure for assessing the
outcome of the 3D bioprinting process. It may be affected by

different factors such as cell type, biomaterial type and proper-
ties, bioprinting process, and crosslinking method and agents.

Top layer

Side layer

(Wet condition)

Figure 10. Construct strength and stability. A) Images showing long-term stability of 8% w/v silk-fibroin and 15 wt% of gelatin crosslinked with
tyrosine (8SF-15G-T) or crosslinked with sonication (8SF-15G-S), and alginate (control) constructs in culture media. Reproduced from Das et al.F2
with permission from Elsevier. B) Images showing the results of compression tests compared to their appearance before testing. Constructs made
of alginate, calcium-deficient hydroxyl apatite (CDHA), and CDHA/alginate core/shell scaffolds are shown. Reproduced with permission.[?®l Copyright
2016, The Royal Society of Chemistry.
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The choice of cell type is important to the function of the 3D
bioprinted construct and its resemblance to native tissue. There
are cell types which can be more sensitive than others when
exposed to various stresses and insults during the printing
process. This issue can be a subject of interesting future
studies. Different biomaterials were successfully used for
3D bioprinting of bone tissue including natural biomaterials
such as alginate, synthetic biomaterials such as PEGDMA or
modified natural biomaterials such as GelMA (Table 2). An
important property of a biomaterial that may influence cell
viability is its viscosity. Generally, highly viscous biomaterials
provide structural support to printed constructs, whereas low-
viscosity materials are better for maintaining cell viability and
function.

In early bioprinting studies, Poloxamer 407 (Lutrol) was used
in bioinks and it was associated with only 4% cell viability at the
3rd postprinting day,%?l and thus, alternative biomaterials were
explored. Current reports on cell viability values have as high
viability figures as 100 = 15% immediately after bioprinting and
92 + 17% after 24 h of incubation of osteoblast-like SaOS-2 cell
laden alginate/gelatin hydrogels in vitro (bioprinted using a
pneumatic microextrusion),”® and >98% after 21 days in cul-
ture of hMSC-laden thermoresponsive collagen type I-agarose
blend hydrogels (bioprinted using inkjet-based 3D printing).”?
Lower values of 64.4% viability after 21 days of culture were
reported with hBMSCs laden MeHA hydrogels printed using
pneumatic microextrusion.’!l Tt was also noted that viability
values are affected by time and medium, e.g., the average
MC3T3 cell viability, which was assessed after bioprinting, in
a blended hydrogel of alginate-PVA-HAp was 95.6%, and it was
77.5% after incubation in a calcium bath for 24 h."*l Moreover,
in core-shell constructs (a-TCP core and cell-laden alginate
shell), encapsulated MC3T3-E1 cell viability was more than
90% at 35 days.?! For comparison, at 4 h post-printing cell
survival rate was >91% in preosteoblast (MC3T3-E1) cell laden
collagen-coated o-TCP/type-I collagen,” which does not seem
to change much by time.

The type of method used for 3D bioprinting is also an impor-
tant factor that affects viability. In earlier reports, it was also
noted that microextrusion was associated with cell survival of
lower than that of inkjet and laser-based bioprinting (40-86%)
due to the extrusion pressure and shear stress?? (Table 1).
However, recent studies reported cell viability of 97% with
pressure extrusion printing as early as day 7,'® 64.4% with a
piezoelectric inkjet at day 21,7 and 98% with a thermal inkjet
at day 21 postprinting.”?) When various goat BMSCs (gBMSCs)-
laden hydrogels were bioprinted (using pneumatic extrusion)
into fibers, there was no significant effect on cell survival due
to the printing process.®” Using scaffold-free LAB bioprinting
of hMSCs, no significant cell damage was observed and cells
maintained their predefined structure for 21 days.*¥ Zhang
et al."??l studied laser bioprinting-induced cell injury in mouse
fibroblasts. They found that the minimum time needed for
cells to complete apoptosis into late apoptotic cells was 4-5 h
after printing. In microfluidic bioprinted SaOS-2-laden hydro-
gels with alginate/gelatin or alginate/particulate-UBM systems,
cell survival was as high as 95%, and it was maintained for
14 days.’”) In addition to the bioprinting process, crosslinkers,
such as Irgacure 651 and Irgacure 2959 photoinitiators for UV
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crosslinking, may induce cytotoxicity depending on their concen-
tration and cell linel®®®1 | Among the photoinitiators, Irgacure
2959 has minimal toxicity against mammalian cells. In general,
microextrusion-associated cell viability seems to have improved
over time.” However, when developing a new 3D bioprinting
strategy, the biomaterial, crosslinking method, and other variables
should be optimized to achieve the best cell viability outcomes.

4.3.2. Cell Proliferation

It is important to have cells proliferate in 3D bioprinted con-
structs, so they can develop into tissue-like structures. For
example, in Dbioprinted collagen type I-agarose scaffolds,
blends with higher collagen content and less stiffness were
associated with more hMSCs cell spreading and branching.l’?!
It was also noticed that the use of an overlaying polyP-Ca?*
complex on 3D bioprinted alginate/gelatin printed constructs
can induce intense proliferation of SaOS-2 cells in the con-
structs.’®l The biomaterial type and its composition can be
detrimental to cell proliferation and subsequent tissue for-
mation. Thus, the biomaterial should be carefully selected.
In general, most of materials employed so far for bone 3D
bioprinting have allowed for cell proliferation in the 3D bio-
printed constructs (Table 2).

4.3.3. Cell Differentiation

Adult BMSCs can differentiate into various cell types, including
osteogenic cellsl?%l and it is important that such capability is pre-
served in bioprinted bone constructs. Many studies have shown
that, following bioprinting of hMSCs, their mesenchymal phe-
notype can be preserved, and their osteogenic differentiation
can be controlled by choosing the appropriate printing process,
construct architecture, and regional bioactive factors.”? For
instance, the osteogenic potential of hMSCs within an alginate/
Matrigel was completely maintained following bioprinting.[®%
In another study, it was found that the indicators of osteogenic
differentiation of encapsulated hMSCs at day 7 in PEG-peptide
hydrogel were significantly higher than in PEG hydrogels.[°!
Sa0S-2 osteogenic differentiation was also demonstrated to
occur within seven days in bioprinted alginate/gelatin micro-
fibers and alginate/particulate UBM scaffolds. Moreover, with
other biomaterials such as MeHA, osteogenic differentiation
of hBMSCs in bioprinted constructs occurred without the need
for any additional osteogenic stimuli. Generally, adding BMP-2
results in more differentiation, as evidenced by mineralization
of the matrix. The effect of mechanical properties of the bioma-
terial on cell fate was also discussed,['>*1°] and it was noted that
increased biomaterial rigidity can be associated with more MSC
osteogenic differentiation.”’!] MSC osteogenic differentiation
was found to occur in photocrosslinked low-molecular weight
HA.['?6] The importance of spatial cues was also demonstrated
when a GelMA lattice (extrusion printed and UV crosslinked)
and not films were found to trigger osteoblast mineralization
(the clearest osteoblast differentiation indicator) in the MG63
line and in primary normal human osteoblasts (NHOst), in
the absence of osteogenic media.’® Furthermore, the use of
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osteoconductive materials such as HAp was found to improve
osteogenic differentiation of preosteoblast cells in vitro."”] As
regards the used crosslinking agent, microfibers that were
crosslinked with strontium chloride were associated with more
differentiation as compared to those crosslinked with either
barium and calcium chloride.’”] A significant increase in
mineralization was observed with an additional layer of
polyP-Ca**-complex on a SaOS-2 cell-laden alginate/gelatin
bioprinted hydrogel.’®l It is evident that various physical
and chemical factors can affect stem cell function in bone
bioprinting, and when they are properly adjusted, osteogenic
differentiation can be stimulated and enhanced.

4.4. In Vivo Bone Tissue Formation

Before implantation in vivo, keeping 3D bioprinted bone con-
structs in culture for some time is thought to improve the
outcome. This time in culture will allow cells to proliferate, pop-
ulate the channels/spaces in the scaffold and differentiate. In
addition, one should consider possible cell division cycles and
their impact on the function of the in vivo implantable graft.['?’]

There are only a few studies that have examined bone for-
mation in bioprinted constructs in vivo. It has to be empha-
sized that in vivo implantation is the ultimate test for 3D con-
structs intended to use as tissue grafts. Although results may
be encouraging in vitro, it is not always the case in vivo. For
example, in a study that utilized BMP-2 plasmid DNA with
BMSC-laden CP particle containing alginate bioprinted con-
structs, in vitro results showed BMP2 protein production
during the first week of culture, but, in vivo there was insig-
nificant bone formation during the six-week period of implan-
tation in the subcutis of mice.’® In another study, Fedorovich
et al. printed two different phases of gBMSCs and goat EPCs
(gEPCs) in a Matrigel/alginate-BCP microparticle system. Bio-
printed constructs were then implanted subcutaneously in
mice. They were found to successfully integrate with the host
tissue by forming microvessels in the endothelial cell progen-
itor-containing phase. This work demonstrated that multiple
cell types can retain their function in a bioprinted material in
vitro and produce ECM in vivo.[®%]

Kang et al. developed 3D-printed human amniotic fluid—
derived stem cell (hAFSC) laden hydrogels (gelatin, fibrin-
ogen, HA, and glycerol). Following bioprinting of fibrin,
other supporting materials were washed out, and constructs
were cultured for the following 15 days. Constructs were then
implanted into experimental calvarial bone defects in rats,
leading to new bone formation throughout the defects in five
months.[l In bone environment, printed MSCs and collagen
nano-HAp (nHAp) discs were used for the treatment of cal-
varial bone defects in mice and significant mature bone for-
mation was observed two months postoperatively in defects
where cells were printed onto the center of the discs. In com-
parison, no major bone formation was observed when cells
were printed onto the periphery of the discs!'¥! (Figure 11).
These advances prove the principle, but nevertheless, more in
vivo studies are needed to evaluate the integration and func-
tion of grafted bone into bone defects located in different
types of bone, e.g. those in the long bones where challenges
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and type of bone are different. This will pave the way for
the development of custom-made constructs in the clinic, in
future.["”]

4.5. Functional Tissue Integration and Remodeling

One limitation of most engineered tissue constructs is that
they rely on diffusion for their nutrient supply, and cells
can survive this way at a distance of only 100-200 um.[%8
Consequently, cell viability in the center of a construct will
be severely compromised.l'?”] The development of vascular-
ized constructs will thus, be of great benefit for the healing
of bone defects. Three-dimensional bioprinting holds great
promise for producing structures that contain vascular net-
works for fluid exchange.*! It mimics the natural in vivo vas-
culature and represents a crucial step toward the engineering
of functional bone tissue constructs.3% Toward this goal, suc-
cessful examples include the work by Chen et al., who dem-
onstrated the formation of a dense microvasculature in 3D
constructs by using ECs and hMSCs encapsulated in a gelatin
hydrogel.l'31]

It is important that angiogenesis precedes osteogenesis.
Thus, when it is followed by the addition of osteogenic cells,
osteoid deposition, bone fraction volume and anastomosis of
formed vessels within the host can be improved.!32l A system
was developed whereby rthVEGF is released earlier from the
top layer of the printed construct, followed by the release of
rhBMP-2 from the deeper layer. The construct was cultured in
EC growth medium for one week to form vascular networks,
followed by culture in osteoinductive medium for an additional
three weeks.!!l It has to be noted that in vivo vascularization is
a relatively slow process and it occurs at a rate of <1 mm per
day of vessel growth within an implant.[33] Additionally, cocul-
ture of osteogenic cells and ECs is required, however, factors
such as hypoxia which can stimulate angiogenesis can inhibit
osteogenesis.?%134 Thus, a biphasic bone construct was devel-
oped with highly organized vascular network(% (Figure 12). For
the osteogenic phase, polydopamine-coated PLA fibers were
printed by fused deposition modeling (FDM) extrusion, and
they were seeded with MSCs. For the vascular phase, tubular
structures were printed by using VEGF-conjugated GelMA
hydrogels encapsulating MSCs and human umbilical vein
endothelial cells (HUVECS) in a custom-designed bioreactor. A
recent work has shown that short-term hypoxia can stimulate
vascularization but does not affect osteogenesis either in vitro
or in vivo./?

It is worth noting that the “crosstalk” between osteoblasts
and other cell types especially ECs as well as MSCs is impor-
tant.'**] It was found that when ECs were printed alone, they
spread out randomly in a collagen hydrogel. In addition, the
crosstalk between human osseous cell sheets and HUVECs
in the presence of laser assisted bioprinting biopapers leads
to the formation of human prevascularized cell-based osseous
constructs that can be applied for autologous bone repair appli-
cations.[3%1 However, when they were printed with MSCs, they
remained in the printed lines, which again indicates the impor-
tance of coculture of the two cell types.'*”] In other attempts
to enhance tissue survival and integration, vascularized
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Figure 11. Osteoconductive discs and cell printing. Laser-assisted bioprinting used for printing cells on nHAp collagen discs that were used for the
treatment of experimental calvarial defects in mice A) where cells were printed at the peripheral i) or central ii) areas of the discs B). Fluorescence
images of peripherally A2) and centrally B2) printed tomato-positive cells inside defects, immediately after printing B). C) Microtomography (LCT)
reconstruction images, two months after surgery, showing that healing occurred in defects where cells were applied at the central area but occurred
only at the periphery in cases where cells were applied peripherally. There was no bone formation in defects where no cells were applied (nHA collagen
alone, defect in the left side). D) Fluorescence images of centrally and peripherally printed tomato-positive D1 cells at days 0, 2, and 4 after printing.

Reproduced with permission.['®l Copyright 2017, Nature Publishing Group.

heterogeneous tissue was developed by using ECs and fibro-
blasts!!*®! (Figure 13). The importance of vascular and osteo-
genic cell coculture for osteogenesis has been demonstrated
also in other earlier studies, when EPCs and gMSCs were
cultured on Matrigel. EPCs were found to accelerate the osteo-
genic differentiation of MSCs, and in turn, MSCs supported
EPC proliferation and stabilization of the vascular network.['3%
Although it depends on the environment, the best MSC/EC
ratio needed for osteogenesis and angiogenesis was found to
be 50:50.[140-141]

In addition to vascularization of constructs, integration
and anastomosis with the host vasculature after implantation
are crucial. Bioprinted bone constructs were shown to form
microvessels and to become integrated with the host tissue.l!
Scherberich et al. seeded human adipose SVF cells into HAp
scaffolds and cultured them within a 3D perfusion system.[!!]
Subsequently, the construct was implanted into the subcutis of
nude mice. After eight weeks, with perfused construct, there
was a robust generation of bone and formation of blood ves-
sels that were connected to the host vasculature. In control
experiment (2D expanded cells), there was neither bone nor
blood vessel formation. It was also found that media perfu-
sion increased the length of microcapillaries which formed
in the coculture of ECs and osteoblasts encapsulated in CP
scaffolds.[142]
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Following implantation in vivo, bone needs to undergo
remodeling, and it must be exposed to physiological loading
gradually to become functional and integrate with the sur-
rounding tissues. It should be noted that bone is generally a
load-bearing tissue and that bone mineral density is load-
dependent.l'l Hence, loading of engineered bone constructs
can significantly increase the synthesis of mineralized matrix,
and may improve the development and maturation of engi-
neered bone tissue. Obtaining functional bone is a multistage
process that does not end at the time of implantation and vas-
cularization. Continuous long-term follow-up to assess bone
tissue development, remodeling and integration is thus, needed
to perform in future in vivo studies.

5. Challenges and Future Perspectives

Despite advances made in bone bioprinting, several challenges
face the production of clinically relevant, functional bone
grafts.1*4 The main challenges comprise: 1) 3D bioprinted con-
struct stability, 2) limited construct size, 3) vascularization,[®14
4) loss of mechanical properties, 5) integration to native tissues,
and 6) long-term function.l'® Other related challenges include
limited autologous cell supply, difference in the outcome of
stem cell therapy between patients, and the risk of rejection and

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 12. Biphasic bone construct with highly organized vascular network. A) Schematic illustration of vascularized biphasic construct fabrication
involving biomimetic architectural design and hierarchical fabrication using dual 3D bioprinting. Schematic illustration of native bone structure,
CAD modeling of a design of vascularized bone, schematic illustration of fused deposition modeling (FDM)/stereolithography (SLG) 3D bioprinting,
and an image of a 3D vascularized bone construct. B) Schematic illustration of microstructural design of a vascularized construct employing matrix
metalloproteinase (MMP) sensitive gelatin methacryloyl (GelMA) hydrogel. Vascular lumen and capillary network formation can be achieved in different

regions while in culture. Reproduced with permission.% Copyright 2016, Wiley-VCH.

disease transmission through allogenic stem cell therapy.l'’]
There are also issues related to applications, such as the com-
plex CMF skeleton, 6 concerns about the unregulated clinical
use of stem cells,!'*”] and regulatory approval aspects.[14814%]
Acellular 3D-printed strong scaffolds can be combined with
cellular 3D-bioprinted constructs to overcome the challenges
of limited mechanical properties of cellular bioprinted bone
constructs. Examples may include the use of hyperelastic bone
biomaterial (90 wt% HAp and 10 wt% PCL or PLGA) along with

A B

3D cellular constructs.l'% New 3D printers allow the use of dif-
ferent materials to produce cellular and acellular constructs
simultaneously. Using such printers, different components can
be processed using different printing conditions (e.g., different
temperature) without affecting each other.

Clinical translation will require the use of integrated bio-
printing platforms that enable the utilization of multiple bio-
materials to build biomimetic tissue constructs at a clinically
relevant scalel>!l (Figure 1). Although there are differences

Top views Cross-section view

Lumen

Figure 13. Development of vascularized tissue. A) Schematic view, and (B) fluorescence images i,ii) of an engineered vascularized tissue
construct comprising different cell types, cultured for 0 i) and 2 ii) days, in which red and green filaments correspond to channels lined with red
fluorescent protein-expressing human umbilical vein endothelial cells (RFP HUVECs) and green fluorescent protein-expressing human neonatal
dermal fibroblast cells (GFP HNDF) in a gelatin methacrylate (GelMA) ink. The cross-sectional view in (c) shows that ECs line the lumen of the 3D
microvascular network. Reproduced with permission.l'38 Copyright 2014, Wiley-VCH.
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between compact and trabecular bones, results have been
obtained from various studies, can potentially be translated to
other types. Nevertheless, studies using specialized models of
either calvarial flat bones or long compact bone addressing spe-
cific and ultimate clinical indications are required. Once suc-
cessful outcomes are obtained, the results can be translated to
the clinic.'”) In clinical application environment, the real chal-
lenges can be identified, and appropriate solutions devised.
Clinical indications should be then precisely defined, when
applying for regulatory body approvals.'? In the future, 3D bio-
printing for clinical use can be achieved either by 3D printing
in the therapy-providing centers or 3D printing at a central
location that can deliver constructs to the relevant clinics.*® To
enhance clinical applications of 3D bioprinting further, a hand-
held device was developed for in situ intraoperative printing.!'®!
With the advances made in artificial intelligence and robotics,
automatic robotic bioprinters may be realized in the future,
and they may be controlled by an operating surgeon to achieve
precise construct printing and implantation in the operating
room. 13153

Four-dimensionall | can be employed to produce 4D
construct!® by adding cells to stimuli-responsive hydro-
gels190161] that can render constructs dynamic and responsive
to changes, e.g., in temperature,['®2 pH, and electrical or mag-
netic fields.['63164 As this opens up new possibilities, it will also
bring about new challenges. In the resulting 4D constructs,
cells should ideally have no adverse effects on biomaterial prop-
erties, and the biomaterial dynamics should not affect cell via-
bility and function. The addition of reinforcing materials may
also impart new properties to 3D bioprinted constructs, as may
also be obtained with the use of shape memory materials.['®°]

Control of the micro- and macroenvironments by loading and
using electromagnetic stimulation is one important area,¢®l
that deserves further attention. Due to the piezoelectric nature
of the bone, electromechanical mechanisms are involved in
feedback that promotes osseous tissue adaptation and remod-
eling.">!l For example, the application of small electric fields
can be useful in improving in vivo bone healing!!*!!! and
accelerating tissue formation.'"! Conductive polymers, such
as polypyrrole, polyaniline, and carbon nanotubes (CNTs), can
be used to stimulate bone formation. These materials can be
incorporated into bioprinted constructs to provide both struc-
tural stability and guided cell growth.’2151 To date, there are
only few studies that have used 3D printing to produce piezo-
electric scaffolds. The use of scaffolds containing CNTs demon-
strated that osteoblast proliferation can be sustained with these
PCL-CNT composites.®”] Electrospun conductive PANi fibers
can also be combined with conductive graphene-containing
hydrogels in composites that can support osteogenic cell
adhesion and proliferation.['® In future, such materials could
be developed further to achieve functional bone 3D bioprinting.

Although multipotent stem cells and somatic cells have
been used for bone bioprinting, it may also be possible to use
iPSCs!'®! and iMSCsl'®! in 3D bioprinting to create tissue con-
structs that can be applied in treatment or can serve as models
to study iPSCs and develop new drugs. The field is offering
unprecedented opportunities to develop successful innovations
for which the recruitment of several disciplines and conver-
gence of science fields are required.

154-158
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6. Conclusions

Bone 3D bioprinting has advanced recently, combining hydro-
gels, cells, and other osteoconductive and osteoinductive ele-
ments to produce viable bone tissue constructs. Moreover,
mineralized structures with vascularized networks in vitro were
produced. Although, there have been only few in vivo studies so
far, they demonstrated the feasibility of the technology and poten-
tial for application in the treatment of bone defects. Bioprinted
constructs need to have a stable structure, appropriate mechan-
ical properties, and suitable function for sufficient time until
complete healing and remodeling occurs. The size of produced
constructs is currently, limited to a few centimeters at most. The
challenge of producing clinically relevant large vascularized grafts
and enabling their in vivo integration and remodeling remains to
be addressed. To achieve success in this growing research area
multidisciplinary approach and sustained funding are required.
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